The pallido-recipient thalamus transmits information from the basal ganglia to the cortex and is critical for motor initiation and learning. Thalamic activity is strongly inhibited by pallidal inputs from the basal ganglia, but the role of nonpallidal inputs, such as excitatory inputs from cortex, remains unclear. We simultaneously recorded from presynaptic pallidal axon terminals and postsynaptic thalamocortical neurons in a basal ganglia-recipient thalamic nucleus that is necessary for vocal variability and learning in zebra finches. We found that song-locked rate modulations in the thalamus could not be explained by pallidal inputs alone and persisted following pallidal lesion. Instead, thalamic activity was likely driven by inputs from a motor cortical nucleus that is also necessary for singing. These findings suggest a role for cortical inputs to the pallido-recipient thalamus in driving premotor signals that are important for exploratory behavior and learning.
a r t I C l e S Basal ganglia thalamocortical circuits are evolutionarily conserved among vertebrates and have been widely implicated in motor control and learning 1, 2 . The major output of the basal ganglia circuit, pallidal neurons that are GABAergic and tonically active, are thought to control movements by inhibiting or disinhibiting their targets in the pallido-recipient thalamus [3] [4] [5] . This thalamic area also receives excitatory inputs from cortex 6 , but thalamic integration of cortical and pallidal inputs is poorly understood. In human disease, the pallidal inputs are often emphasized: insufficient pallidal inhibition of thalamus is thought to result in hyperkinesias such as dystonia, and excess inhibition can result in hypokinesias such as Parkinson's disease 5, 7 . During normal behavior, however, premotor signals in primate thalamus are not easily explained by pallidal inputs alone 8, 9 and even persist following pallidal inactivation 10 , leading to some question about the origins of activity in pallido-recipient thalamic areas [11] [12] [13] .
Songbirds offer a tractable model system for studying the origins of neural activity in motor thalamus. The vocal portion of the songbird basal ganglia-recipient thalamic nucleus DLM (dorsolateral division of the medial thalamus) is part of a premotor thalamocortical circuit that is essential for song learning (Fig. 1a,b) 14, 15 . Lesions to DLM or its target, the frontal cortical nucleus LMAN (lateral magnocellular nucleus of the anterior nidopallium), abolish vocal babbling and variability in juvenile birds 16, 17 . Because the pallidal projection to DLM terminates at a presynaptic terminal that is large enough to be recorded extracellularly ( Fig. 1c) , songbirds provide an opportunity to simultaneously record from a thalamic neuron and its presynaptic pallidal input [18] [19] [20] .
To investigate the origins of thalamic activity during behavior, we recorded from antidromically identified thalamocortical neurons and their pallidal and cortical inputs in singing juvenile birds. Premotor signals in DLM were not easily explained by pallidal inputs alone and persisted following pallidal lesion. Instead, our findings support the idea that descending cortical inputs drive song-locked rate modulations in basal ganglia-recipient thalamus 10, 12 and support a role for the thalamus in linking distinct cortical motor areas that are important for exploratory behavior during learning 21 .
RESULTS

Thalamic neurons are activated during singing
To understand the role of the thalamus in song production, we recorded from neurons in the vocal portion of DLM in freely behaving juvenile zebra finches 22 (Fig. 1c,d and Supplementary Figs. 1 and 2 , see Online Methods). Many of these neurons were antidromically identified as thalamocortical neurons projecting to LMAN (n = 17 of 29; Online Methods). The other 12 neurons did not respond to LMAN stimulation with a short-latency spike, but did exhibit spike waveforms, firing patterns and correlations to song temporal structure similar to those of the identified projection neurons and were included in the analysis. Although DLM neurons recorded in anesthetized birds discharge at very low rates (<10 Hz) [18] [19] [20] , they exhibited high average firing rates in awake birds and were further activated during singing (singing, 89.0 ± 39.7 Hz; non-singing, 60.7 ± 30.4 Hz; P < 0.001, paired t test, n = 25 of 29, 11 birds, mean ± s.e.m.; Fig. 1d ). Thalamic neurons also exhibited increased peak firing rates during singing (95 th percentile rate, 394.4 ± 26.8 Hz versus 196.9 ± 13.8 Hz, n = 29 of 29 neurons, P < 0.001, paired t tests). These periods of highfrequency firing ( Fig. 1d,e ) differed from low threshold bursts that were previously observed in mammalian thalamic neurons during low arousal states 23 and in DLM neurons in anesthetized birds [18] [19] [20] . Two common criteria for low threshold bursts are burst refractory periods (>50 ms) and a period of quiescence (>50 ms) before burst onset 24 . We did not observe thalamic discharge events that met these criteria. Instead, brief periods of high tonic discharge (HTD), defined as firing events greater than 250 Hz (Online Methods), were generated from high background firing rates (>100 Hz) and did not exhibit refractory a r t I C l e S periods ( Supplementary Fig. 1 ). HTD events were more common during singing than during awake, non-singing periods (singing, 11.2 ± 1.3 HTDs s −1 ; non-singing, 2.4 ± 0.8 HTDs s −1 ; n = 28/29 neurons, P < 0.001, paired t test, Online Methods).
We examined the temporal relation between DLM activity and song vocalizations. In the youngest birds (<45 d post hatch, dph), which generate subsong (highly random vocalizations akin to babbling), almost all DLM neurons were strongly activated at syllable onsets, exhibiting an average rate increase of 13.5 ± 1.9 Hz that began 27.1 ± 6.2 ms before syllable onsets (P < 0.05 in 13 of 14 cells; Fig. 1e ,f and Online Methods). Prior to syllable offsets, most DLM neurons were briefly suppressed by an average of 8.2 ± 1.2 Hz (P < 0.05 in n = 11 of 14 cells), and this suppression began 40.0 ± 9.1 ms before syllable offsets ( Fig. 1g) . Given that DLM lesions abolish vocal babbling 17 , these rate modulations could be involved in driving the initiation and termination of syllables in early song vocalizations.
After the subsong stage (>45 dph), juvenile birds begin singing 'plastic' song, which contains distinct, identifiable syllables of relatively fixed duration 25, 26 . All DLM neurons recorded at this stage exhibited songlocked rate modulations, but the timing of these modulations was much less homogeneous than in subsong birds. Specifically, in plastic song birds, a given DLM neuron could exhibit peaks or dips at various times in syllable-aligned rate histograms, although there was a trend for neurons to exhibit peaks before syllable onsets (n = 7 of 15) and dips before syllable offsets (n = 7 of 15) ( Supplementary Fig. 2 ).
Pallidal inputs to thalamus are activated during singing
We next set out to determine the origins of the homogenous syllablelocked signals observed in DLM of subsong birds. In both songbirds and mammals, thalamic rate increases can be facilitated by pauses in the spiking of inhibitory pallidal inputs 4, 19 . Thus, we hypothesized that pallidal inputs to DLM would exhibit average firing-rate modulations opposite those of DLM neurons, that is, rate suppression before syllable onsets and activation before syllable offsets. To test this hypothesis, we recorded from the calyceal pallidal axon terminals that form 1:1 synaptic contacts with DLM neurons [18] [19] [20] 27 during singing. We also recorded from the cell bodies (in the basal ganglia homolog Area X) of putative DLM-projecting pallidal neurons that give rise to the pallidal terminals in DLM (n = 17 cells, 4 birds; Supplementary Fig. 3 ) 18, 22 .
Notably, pallidal inputs also exhibited increased average firing rates during subsong (non-singing, 144.4 ± 27.8 Hz; singing, 296.0 ± 14.4 Hz; P < 0.001, paired tests, n = 14 of 14 terminals; Fig. 1h ), as well as a peak in firing rate before subsong syllable onsets (rate increase of 17.1 ± 2.4 Hz, beginning 41.4 ± 2.6 ms before onsets, P < 0.05 in 12 of 14 terminals; Fig. 1i,j) , and a decrease in firing rate before syllable offsets (rate decrease of 7.0 ± 2.3 Hz, beginning 51.4 ± 8.0 ms before offsets, P < 0.05 in 8 of 14 terminals; Fig. 1k ). Contrary to what would be expected if thalamic signals were simply inverting pallidal inputs, no pallidal axon terminals recorded in DLM or pallidal cell bodies recorded in Area X ( Supplementary Fig. 2 ) exhibited either an average firing rate decrease before subsong syllable onsets or a firing rate increase before subsong syllable offsets. Figure 1 Firing patterns of thalamic neurons and their pallidal inputs during singing. (a,b) LMAN, Area X and DLM constitute cortical 48 , basal ganglia (BG) and thalamic portions of the song system, respectively. LMAN contributes to vocal output through its projection to RA, a motor cortical (MC) nucleus, which in turn projects to brainstem motor neurons. Adult song production involves the HVC to RA projection. (c) Confocal image of a calyceal pallidal axon terminal (red) and the postsynaptic DLM neuron (green npg a r t I C l e S
Coactivation of connected pallidal and thalamic neurons
These results raise several important questions. First, how do thalamic neurons discharge at high rates (~100 Hz) in the face of highly active pallidal inputs (~300 Hz)? One possibility is that the pallidal inputs are not as strongly inhibitory as was previously believed 27 . To test this possibility, we recorded simultaneously from LMAN-projecting DLM neurons, together with the putative presynaptic axon terminal, at the end of the same electrode [18] [19] [20] in awake behaving birds (n = 7 pairs total, 5 pairs in juvenile birds, 4 of which were recorded during singing, and an additional 2 pairs in singing adults; Fig. 2 and Supplementary Figs. 4-6, see Online Methods). In all of the pairs, the pallidothalamic interaction was indeed strongly inhibitory; thus, results from both adults and juveniles were pooled in the following analysis ( Supplementary Fig. 5 ).
Rasters of thalamic spikes, aligned to simultaneously recorded pallidal spikes, revealed that each pallidal spike was followed by a period of absolute thalamic spike suppression ( Fig. 2d,e) , similar to what is observed in pairs recorded in anesthetized birds [18] [19] [20] . However, the duration of this suppression, measured as the latency from each pallidal spike to the following thalamic spike, was extremely brief during singing (5.2 ± 0.6 ms, n = 6 pairs), substantially shorter than was previously observed under anesthesia (~20 ms) [18] [19] [20] . Following this suppression, thalamic neurons spiked with a high probability in a narrow time window, resulting in a large, narrow peak in the pallido-thalamic cross-correlogram ( Fig. 2f and Supplementary Fig. 5 ). During singing, the standard deviation of this peak was extremely small (0.82 ± 0.2 ms, n = 6 pairs during singing), indicating that the first thalamic spike that occurred in a pallidal interspike interval was locked to the preceding pallidal spike with submillisecond precision.
Although pallidal inputs were strongly inhibitory, thalamic spiking was not restricted to pallidal pauses. The duration of DLM spike suppression (5-95% range, 3.9 ± 0.5-6.9 ± 0.9 ms; n = 6 pairs) was well within the distribution of the simultaneously recorded pallidal Fig. 5 ). Across all pairs, one or more thalamic spikes occurred in 23.1 ± 8.8% of pallidal interspike intervals (ISIs) during singing. Notably, thalamic neurons spiked sooner after the preceding pallidal spike during singing than during non-singing periods (non-singing, 8.0 ± 0.7 ms; singing, 5.2 ± 0.6 ms; P < 0.001 in 6 of 6 pairs), enabling thalamic neurons to discharge at rates in excess of ~100 Hz during singing even in the presence of powerfully inhibitory inputs occurring at ~300 Hz (Fig. 2) . In summary, thalamic neurons were able to discharge at high rates during singing because each pulse of pallidal inhibition was so brief. We wondered whether this brief, millisecond-timescale inhibition exerted by pallidal inputs had a net suppressive effect on thalamic firing rates on broader timescales or whether it might instead effectively increase thalamic firing rates, for example by the post-inhibitory rebound mechanism observed under anesthesia 18 . Pallidal suppression of thalamic firing rate was visibly apparent in the simultaneously recorded spike trains ( Fig. 2g and Supplementary Fig. 7) . The suppression of thalamic spikes by pallidal spikes was quantified with a standard spike train cross-correlation analysis in large (10 ms) time bins ( Supplementary Fig. 6g) , as well as the cross-correlation between pallidal and thalamic instantaneous firing rates (IFRs) during singing (median width at half-minimum, 19.4 ± 10.6 ms; zero lag cross-correlation, -0.44 ± 0.04; P < 0.01, n = 6 of 6 pairs; Fig. 2h ,i and Online Methods). Both of these analyses confirmed that pallidal and thalamic firing rates were significantly anti-correlated and that, on average, pallidal rate increases were associated with thalamic rate decreases and vice versa.
If the pallidothalamic interaction is inhibitory, how do both pallidal and thalamic neurons exhibit the same syllable-locked changes in firing rate? We tested whether pallidal inputs were also inhibitory at syllable onsets and offsets. In the paired recordings, we plotted the number of pallidal spikes that occurred in the 30 ms before each syllable onset against the number of thalamic spikes that occurred in the same period and found that they were strongly anti-correlated in all pairs. Rate changes before syllable offsets were also anti-correlated (onsets, −0.61 ± 0.04; offsets, −0.62 ± 0.07; P < 0.001, n = 6 of 6 pairs; Fig. 2j,k) . Together, these findings demonstrate that increases in pallidal firing rate were associated with a suppression of thalamic spiking, even at syllable onsets and offsets.
Pallidal suppression of thalamic spiking was also evident in single pallidal ISIs. The number of thalamic spikes that discharged in a single pallidal ISI was strongly linearly dependent on the duration of that ISI (r = 0.80 ± 0.05, n = 6 pairs during singing). That is, longer pallidal ISIs contained more thalamic spikes, consistent with previous observations in anesthetized birds (Fig. 2l) 19 . During singing, the first thalamic spike occurred, on average, 5.2 ± 0.6 ms after a pallidal spike, and an additional thalamic spike discharged for every 3.9 ± 0.6 ms increase in the duration of the pallidal ISI (data are mean ± s.e.m. for six pairs during singing). We used this empirical relation between pallidal ISI and thalamic spiking to predict thalamic spiking in response to each pallidal spike train recorded during subsong (Supplementary Fig. 8) . Consistent with the result that pallidal inputs suppressed thalamic spiking ( Fig. 2g-l) , simulated thalamic activity exhibited rate decreases before syllable onsets and rate increases before offsets (Supplementary Fig. 8) , exactly the opposite of what was actually observed. Together, these findings suggest that pallidal inputs did not drive the thalamic rate changes that we observed at subsong syllable onsets and offsets (Fig. 1g,h) .
Activation of thalamic neurons in Area X-lesioned birds
We hypothesized that song-locked thalamic firing patterns might be driven by non-pallidal inputs. If this is true, then DLM neurons should exhibit these modulations even after removal of pallidal inputs. To test this possibility, we recorded LMAN-projecting DLM neurons in Area X-lesioned birds (n = 3 birds; Fig. 3a,b and Online Methods). As in intact birds, DLM neurons in lesioned birds were more active during singing than during non-singing, exhibiting higher average firing rates (non-singing, 25.6 ± 14.7 Hz; singing, 58.6 ± 23.6 Hz; P < 0.05, paired t test, n = 6 of 6 neurons; Fig. 3c ).
DLM neurons in Area X-lesioned birds also exhibited the same songlocked rate modulations that we observed in intact birds ( Fig. 3d-f) . They showed increased firing rates at syllable onsets (average 20.0 ± 5.1 Hz increase starting 40.0 ± 6.8 ms before onsets, P < 0.05 in 6 of 6 cells) and decreased firing rates before syllable offsets (average 13.0 ± 2.6 Hz decrease starting 26.0 ± 12.1 ms before offsets, P < 0.05, 5 of 6 cells). Thus, song-locked rate modulations in DLM did not require pallidal inputs, suggesting that other inputs to the thalamus are involved. Note that the apparent rate change in the population histogram was less than that measured across neurons because the peak before syllable onsets occurred at slightly different times in different neurons. (f) Syllable offset aligned rate histograms; data are presented as in e. npg a r t I C l e S A corticothalamic projection drives thalamic spiking in vivo What, then, gives rise to the three aspects of subsong-related firing rate modulations observed in thalamic neurons: overall activation during singing, rate increases before syllable onsets and rate decreases before syllable offsets? To identify non-pallidal inputs to DLM, we injected retrograde tracer into DLM and observed labeling of a subpopulation of neurons in the motor cortical nucleus RA (robust nucleus of the arcopallium, n = 3 birds; Fig. 4a-d and Online Methods), consistent with previous reports 28, 29 . Furthermore, injections of a virus expressing green fluorescent protein (GFP) into RA revealed extensive axonal terminations in the LMAN-projecting part of DLM (n = 3 of 3 birds; Fig. 4e-h and Supplementary Fig. 9 ). This presumably glutamatergic projection 28 is analogous to corticothalamic pathways found in mammals ( Fig. 1b) 6, 21 .
To test whether the descending projection from RA could drive spiking in DLM, we recorded DLM neurons in anesthetized juvenile birds during electrical stimulation of RA (see Online Methods). Because stimulation in RA could potentially influence DLM through Area X (by antidromic activation of HVC and LMAN), Area X was inactivated during these experiments ( Fig. 5a and Supplementary  Figs. 10 and 11 , see Online Methods). RA stimulation strongly activated DLM neurons, causing a significant increase in firing rate (average rate increase = 106.0 ± 17.3 Hz, P < 0.01 in 37 of 39 neurons, n = 9 birds; Fig. 5b-d and Supplementary Fig. 10 , see Online Methods) at low latencies (12.6 ± 0.8 ms, n = 37 neurons; Fig. 5e,f) . These findings demonstrate the functionality and excitatory nature of the corticothalamic projection from RA to DLM.
Cortical inputs to thalamus are activated during singing
To further examine the idea that syllable-related thalamic rate modulations are driven by these cortical inputs, we recorded antidromically identified neurons in RA that project to DLM (RA DLM neurons) in singing juvenile birds ( Fig. 6a-d) . Of 115 neurons recorded in RA of five subsong birds, 17 were antidromically identified as projecting to DLM. RA DLM neurons exhibited notably homogenous firing patterns. All neurons showed increased average firing rates during singing (nonsinging, 18.2 ± 2.2 Hz; singing, 44.2 ± 7.7; P < 0.001, paired t test). All of the neurons also showed a peak in firing rate before syllable onsets Supplementary Fig. 10 ). (b) Four example traces of a DLM neuron recorded during burst stimulation of RA (five stimulations at 500 Hz). Note the increase in DLM firing rate immediately following RA stimulation. Single-pulse stimulation of RA was also effective in driving DLM neurons (see Supplementary Fig. 10 ). Fig. 6e,f) , and most of the neurons exhibited a decrease in firing rate before syllable offsets (rate decrease of 13.0 ± 4.4 Hz, P < 0.05 in 15 of 17 cells; Fig. 6g) . In contrast, neurons not identified as DLM projectors exhibited a range of different firing patterns (Supplementary Fig. 12) .
Notably, the rate increase at syllable onsets occurred significantly earlier in RA DLM neurons than in DLM neurons (RA DLM , 43.7 ± 4.5 ms; DLM, 27.1 ± 6.2 ms; P < 0.05, t test; Fig. 6h ) and trended to earlier times for the rate decrease before syllable offsets (RA DLM , 48.2 ± 6.2 ms; DLM, 40.0 ± 9.1 ms; P > 0.2). Thus, both the amplitude and the timing of rate modulations in RA DLM neurons were consistent with a role in driving thalamic activity during singing. Of course we cannot rule out the additional possible involvement of other, uncharacterized, inputs to DLM. Examining the pallidal, thalamic and corticothalamic firing patterns side-by-side revealed that the excitatory cortical inputs to the thalamus were temporally matched by the inhibitory pallidal inputs at syllable onsets and offsets, as well as during the transitions into and out of singing (Fig. 6h,i) . Although the timing of inhibitory and excitatory inputs was closely balanced, the relative magnitudes of the rate modulations, when normalized by the baseline firing rate, were significantly larger in RA DLM neurons than in both the pallidal inputs and the DLM neurons themselves (P < 0.01 in t tests for all comparisons, see Online Methods). These large fractional changes in firing rate of the RA DLM neurons may explain how they were able to drive thalamic activity in the face of opposing inhibitory signals during singing.
DISCUSSION
We examined the origins of neural activity in DLM, a basal gangliarecipient thalamic nucleus that is necessary for vocal babbling in juvenile birds 17 . DLM neurons were strongly activated during singing and exhibited peaks in firing rate immediately before subsong syllable onsets. Paradoxically, pallidal inputs to DLM, although inhibitory, were also activated during singing and before syllable onsets. We hypothesized a role for non-pallidal inputs to DLM and found that song-locked thalamic rate modulations persisted following lesion of pallidal inputs. Furthermore, activation of cortical inputs to DLM from the motor nucleus RA drove DLM neurons in vivo. Consistent with a role in driving DLM signals during behavior, antidromically identified corticothalamic neurons were activated during singing and exhibited rate peaks before syllable onsets. Together, these findings suggest that cortical inputs can be the principle drivers of behaviorlocked activity in the basal ganglia-recipient motor thalamus 12 .
Do our findings apply to mammalian basal ganglia-thalamocortical circuits? In mammals, the role of pallidal inhibition in controlling thalamic activation and the initiation of movement is widely recognized [3] [4] [5] . However, thalamic signals are not easily explained by pallidal inputs alone during behavior 8, 9, 12 . For example, in cued saccade or arm movement tasks in primates, most thalamic neurons exhibit a brisk peak in activity immediately before movement onset 8, 9, 13 , similar to the rate peak that we observed before syllable onsets. In contrast with what would be predicted if these signals were driven by pauses in pallidal activity 4 , most pallidal neurons in these tasks also exhibit rate increases at movement onset 13, [30] [31] [32] [33] [34] , similar to the pallidal terminals that we observed.
At least two explanations have been put forward to reconcile paradoxical pallido-thalamic coactivations that have been observed during behavior. First, thalamic spiking might be driven directly by pallidal rate increases through a post-inhibitory rebound mechanism. In this model, increased pallidal activity hyperpolarizes thalamic neurons, causing de-inactivation of low threshold calcium channels. Following a brief pallidal pause, these calcium channels then trigger a rebound thalamic burst 23, 35 . Rebound spiking is observed in DLM neurons in brain slices and in anesthetized songbirds 18, 20, 36 , where both pallidal axon terminals and connected thalamic neurons are coactivated during song playback or cortical stimulation 18, 20 .
The rebound model does not easily fit with our results during singing. First, the calcium channels that drive rebound spikes rapidly inactivate at depolarized membrane potentials 37 . Thus, rebound spiking is associated with low levels of thalamic activation, such as during drowsiness, anesthesia or sleep 23 . Indeed, DLM neurons discharge at very low rates in anesthetized birds (<10 Hz) [18] [19] [20] , more than an order npg a r t I C l e S of magnitude lower than what we observed during singing (~100 Hz). Second, rebound bursts cause calcium channel inactivation 23 and are followed by substantial (>50 ms) burst refractory periods in DLM neurons in vitro 36 . We found that DLM neurons generated high tonic discharge events (>250 Hz) from high baseline firing rates (~100 Hz), and these events did not exhibit refractory periods ( Supplementary  Fig. 1) . Finally, DLM neurons exhibited song-locked rate modulations following lesion of pallidal inputs (Fig. 3) . Thus, although our results do not rule out a possible role for low threshold calcium channels, they suggest that song-locked signals in DLM do not require inhibitory pallidal inputs and therefore do not require a post-inhibitory rebound mechanism. A second possible explanation for the paradoxical coactivations observed in pallidal and thalamic neurons arises from the fact that pallidal and thalamic neurons were previously only recorded separately during behavior. Thus, it was not known whether activated pallidal and thalamic neurons were synaptically connected, or rather were recorded from different channels of the basal ganglia-thalamic circuit 38 . In this scenario, pallidal neurons that exhibit rate increases at movement onset could effectively suppress some thalamic neurons, whereas pallidal neurons in a different channel could simultaneously exhibit rate decreases that, through disinhibition, activate other thalamic neurons 3, 38, 39 . In the absence of information about the synaptic connectivity of these neurons, the activated pallidal and activated thalamic neurons might be interpreted as showing paradoxical coactivation when in fact there is no actual coactivation in a single basal ganglia-thalamic channel.
By recording from connected pallidal and thalamic neurons during vocal babbling, we found that pallidal and thalamic coactivations can occur in the same basal ganglia-thalamic channel. Our data suggest that this occurs because thalamic activity is driven by excitatory cortical inputs that oppose the temporally matched inhibitory inputs from the basal ganglia. This tendency of pallidal and RA DLM neurons to exhibit similar firing patterns during singing could result from their common inputs from HVC, a hypothesis that could be tested by recording from Area X, DLM and RA in HVC-lesioned birds. Notably, similar excitation-inhibition matching has been observed in cortex and has been suggested to be involved in temporal gating of sensory inputs 40, 41 .
Although our data suggest that cortical inputs to thalamus are important, we also found that basal ganglia outputs have a substantial effect on thalamic activity. Consistent with the inhibitory nature of the pallidothalamic synapse 4, 10, 13, [18] [19] [20] 27 , the activities of synaptically connected pallidal and DLM neurons were strongly anti-correlated during singing: pallidal rate increases were associated with thalamic rate decreases, and vice versa, even at syllable onsets (Fig. 2g-k and Supplementary Fig. 8 ). In addition, consistent with a role for pallidal inputs in controlling thalamic spike timing 20, 36 , DLM spikes were entrained to preceding pallidal spikes with submillisecond precision (Fig. 2d-f) . These findings clearly demonstrate that pallidal inputs are important modulators of thalamic activity during behavior. However, pallidal modulation of thalamic activity does not appear necessary for aspects of thalamic motor function, as thalamic premotor signals persisted following lesion of basal ganglia inputs (Fig. 3) , and basal ganglia lesions in juvenile and adult birds have little, if any, immediate effect on song structure 15, 17 .
What, then, are the functions of the songbird basal ganglia 42 ? Area X lesions result in protracted song variability and poor imitation 15 , but the reasons for this remain unclear. We suggest two possible explanations. First, LMAN driven variability is biased in such a way as to reduce vocal errors 43, 44 , and the song-locked pallidal rate modulations observed in this and a previous study 22 may be involved in biasing variability to drive learning 45 . Second, pallidal control of thalamic spike timing could be involved in regulating spike timing-plasticity to direct learning in downstream motor cortical circuits 46, 47 .
In summary, although pallidal inputs clearly produce large modulations in thalamic firing rates, we found that cortical inputs may act as principle drivers of behavior-locked activity in the thalamus 12 . We recently found that vocal babbling requires two cortical areas (RA and LMAN), as well as the basal ganglia-recipient thalamus (DLM) that interconnects them, but not the basal ganglia itself 16, 17 . Our results support the idea that the basal ganglia-recipient thalamus mediates interactions between cortical areas that are important for behavior 21 . For example, RA, DLM and LMAN could form a reverberant cortico-thalamocortical loop that generates vocal babbling. In addition, corticothalamic signals may be involved in driving learning in cortical circuits. In particular, signals transmitted from RA to DLM could be involved in the early development of stereotyped vocal structure in the songbird 25, 26 or in the biasing of motor output toward improved behavioral performance during learning [43] [44] [45] . Because songbird cortical areas differ from mammalian cortex in several ways 48, 49 , it will be necessary to test whether corticothalamic projections in mammals have a similar role in driving basal gangliarecipient thalamus during exploratory behavior and learning.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
